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Introduction {#sec001}
============

Methane is an important fuel for energy production worldwide, and due to growing markets, demand is increasing. Many methods have been used to extract methane from oil deposits and coal fields. If certain nutrients are injected into a coalbed, methanogenic consortia can metabolically convert some organic compounds into methane. Microbially enhanced coalbed methane (MECoM) technology is a procedure for producing methane and secondary biogenic gas to increase the methane content in mining.

Nearly all previous studies regarding coal biogasification have focused on using a microbial community to convert coal into methane, carbon dioxide, or other organic molecules in surface bioreactors \[[@pone.0124386.ref001]--[@pone.0124386.ref006]\]. Research on methane reservoirs has shown that microbial gas is typically located at shallow depths in thermally immature coals (at a vitrinite reflectance R~0~\<0.6%), where formation waters exhibit relatively low salinity (\<2 mol/L Cl^-^) and low ${SO}_{4}^{2 -}$ concentrations (\<10 mmol/L). The infiltration of dilute meteoric waters into these systems plays an important role in the transport of nutrients, the dilution of coalbed formation waters, and the stimulation of methongen growth.

Most organic compounds in coal cannot be directly used as nutrition for methanogens. Three functionally different trophic groups of bacteria ([Fig 1](#pone.0124386.g001){ref-type="fig"}) are required to convert organic material to methane \[[@pone.0124386.ref007]--[@pone.0124386.ref009]\]: (1) hydrolytic fermentative bacteria, (2) syntrophic acetogenic bacteria, and (3) methanogenic bacteria.

![Generalized flow diagram for anaerobic decomposition of organic matter and generation of methane.\
Hydrolytic, hydrogen-reducing, acetogenic, and hydrogen-utilizing bacteria provide the organic compounds metabolized by methanogens.](pone.0124386.g001){#pone.0124386.g001}

To achieve a greater yield of secondary biogenic gas in an Illinois basin coalbed, the nutritional components have been studied for the growth of, and stimulation of biomethane production in, methanogenic consortia \[[@pone.0124386.ref010],[@pone.0124386.ref011]\]. The biomethane productivity of a methanogenic community can be improved if the culture conditions within the coal seam environments of the coalbed are improved. Dystrophy optional modification latex (DOL) contains sulfanilic acid, fatty acid oil, amide fat polymers, and other inorganic constituents. However, these emulsions are unstable. A DOL emulsion can improve the organic compound makeup of coal slurries and change the surface tension of the coal cleat system. The objective of this paper is to study microbial methane yields in the presence of DOL emulsions.

Materials and Methods {#sec002}
=====================

Source of coal and groundwater {#sec003}
------------------------------

The coal and groundwater samples used in this study were collected from two coalbeds in an Illinois basin. Coal samples were obtained, via drilling, from Gateway Mine, and formation water samples were collected from the Gateway gas well. Gateway Mine, in Randolph County near Coulterville, Illinois (GPS coordinates 38.181057,-89.656591), opened in March 2005 and started production in July of that year. The mine has 6 million tons of recoverable coal reserves. In 2013, the mine produced 2.8 million tons of steam coal \[[@pone.0124386.ref012]\]. The samples were collected by the Mining and Miner Engineering Center of Southern Illinois University Carbondale. The field studies did not involve endangered or protected species, and only small sample quantities were used.

The coal samples were sealed under nitrogen in sterile stainless steel jars (manufactured by Thermo Scientific Oxoid). The coal was safeguarded with nitrogen during sieve classification. A 2,000 g 10-to-15 mm-diameter fraction was collected and sealed in sterile wide-mouth polypropylene jars (manufactured by Thermo Scientific Oxoid) with nitrogen protection and stored at 4°C. Formation water samples of 5,000 mL were stored in sterile barotropic anaerobic jars (manufactured by Thermo Scientific Oxoid) ([Fig 2](#pone.0124386.g002){ref-type="fig"}) at 4°C. Nitrogen was used to increase the gas pressure at the top of the jar when extracting the formation water for sampling. In this manner, the groundwater was maintained under anaerobic and aseptic conditions.

![Barotropic anaerobic formation water storage jar.](pone.0124386.g002){#pone.0124386.g002}

Culture {#sec004}
-------

Two types of culture nutrition media based on the Tanner medium \[[@pone.0124386.ref013]\] for culturing strict anaerobes were used with modifications. The final concentrations of the compounds in the control culture nutrition medium (\#1; g/L) were as follows: NaHCO~3~, 0.20; NH~4~Cl, 1.00; NaH~2~PO~4~, 1.30; KCl, 0.50; MgSO~4~•7H~2~O, 0.20; CaCl~2~•5H~2~O, 0.10; yeast extract, 0.50; resazurin, 0.10. The concentrations of DOL emulsion (g/L) were as follows: C~17~H~35~COONa, 46.50; R~1~SO~2~OR~2~, 28.50. The final concentrations of the compounds in the second nutrition medium (\#2; g/L), which also contained the DOL emulsion, were as follows: NaHCO~3~, 0.20; NH~4~Cl, 1.00; NaH~2~PO~4~, 1.30; KCl, 0.50; MgSO~4~•7H~2~O, 0.20; CaCl~2~•5H~2~O, 0.10; C~17~H~35~COONa, 1.30; R~1~SO~2~OR~2~, 0.80; yeast extract, 0.50; resazurin, 0.10. Yeast extract was produced by Fisher BioReagents. C~17~H~35~COONa was produced by Alfa Aesar, and other chemicals were supplied by Acros Organics.

Distilled water was autoclaved at 121°C for 45 minutes to sterilize and remove any dissolved oxygen. The culture nutrition solutions were prepared in 500-mL flasks with distilled water and mixed by a magnetic mixer for 2 hours at 60°C. Then, the culture nutrition solutions were mixed at a 1:1 volume ratio with ground water and agitated by a magnetic mixer for another 2 hours at room temperature. Nitrogen was used to maintain the nutrition solutions under anaerobic conditions. The final pH of nutrition medium \#1 was 6.40, and the final pH of nutrition medium \#2 was 8.21.

Coal samples (200±1 g) and 700 mL of medium were used in the experiments. Anaerobic conditions were ensured in the flasks using the gas displacement method. The gas replacing process was monitored by a carbon dioxide sensor monitor in real time. Nitrogen was used to fill the air space above the flask at the beginning of the experiments. The flasks were placed in a water bath at 35°C and were cultured for 25 days. To examine the influence of the DOL emulsion on methanogenic consortia culture, medium \#1 was used as the initial medium to culture the microbial community for the first 5 days. Then, medium \#2 was used to replace medium \#1. Nitrogen protection was used to ensure that no oxygen was introduced.

Gas analysis {#sec005}
------------

Real-time methane and carbon dioxide monitor systems were used in the experiments, including an IR15TT-R gas sensor and an IR-EK2 data receiver (produced by E2V company). The sensor uses two active gas channels for the simultaneous detection of methane and carbon dioxide. The measuring range for both methane and carbon dioxide was 0 to 100% by volume. The minimum resolution for methane was 0.05% within a measuring range from 0 to 5%, and 1% within a measuring range from 0 to 100%. For carbon dioxide, the minimum resolution was 0.5% within a measuring range from 0 to 100%. The sensor also monitored the temperature of the mixed gas. The IR-EK2 data receiver connected the IR15TT-R sensor to a computer. This component received, compiled, and transmitted real-time data from the IR15TT-R to the computer via a standard USB signal. The update rate and averaging time of these measurements were 180 s.

Pure carbon dioxide, methane, and nitrogen were used to calibrate the sensor according to the manufacturer's recommendations. Pure nitrogen was first used to initialize and create a baseline for both channels (methane and carbon dioxide). Pure methane was used to calibrate for 100% methane and 0% carbon dioxide. Pure carbon dioxide was used to calibrate for 100% carbon dioxide and 0% methane. Finally, pure nitrogen was used again to calibrate the zero level for both channels. Mixtures of 20% methane and 80% carbon dioxide, 50% methane and 50% carbon dioxide, and 80% methane and 20% carbon dioxide were used to test the sensor's linear character. To obtain the best response time, the sensor was placed in the middle port of a three-neck flask ([Fig 3](#pone.0124386.g003){ref-type="fig"}).

![Three-neck flask.\
The left port was used for medium injection and sampling. The middle port functioned as the gas monitor port. The right port was used to monitor the pH.](pone.0124386.g003){#pone.0124386.g003}

pH monitoring {#sec006}
-------------

The pH of their environment can influence the metabolism of methanogenic consortia. A lower pH can enhance the intrinsic activity of the microbes and the aqueous solubility of the coal \[[@pone.0124386.ref014],[@pone.0124386.ref015]\]. At the same time, some microbes will produce hydrogen ions during the production of methane from organic matter. Thus, the microbial environmental conditions can be assessed via pH measurements.

A pH110 pH meter, which is produced by Oakton, was used in the experiments to monitor pH changes in the nutrition solutions. The pH110 meter can be used to monitor the real-time pH. The meter has a resolution and accuracy of ±0.01 pH units and an update frequency of 30 s.

Microscopy {#sec007}
----------

Fresh groundwater and fresh and replaced nutrition solutions were examined with an Olympus microscope (BX41) at 400× and 1000× magnification. The groundwater and coal samples were observed under non-sterile conditions. Microscopy was used to examine the nutrition solutions and to estimate the microbial consortium quantity under sterile conditions.

Results {#sec008}
=======

Methane yield for a methanogenic consortium with nutrition solution \#1 {#sec009}
-----------------------------------------------------------------------

Nutrition solution \#1 was a standard nutrition that used as a control culture medium which did not contain the DOL emulsion. The experimental results indicated that a minimum incubation time was required for the initial methanogenic consortium culture ([Fig 4](#pone.0124386.g004){ref-type="fig"}). As the culture developed, the methane concentration increased. However, the methane production rate of the methanogens was not ideal under these conditions because it was based on the hydrolytic and fermentative bacterial degradation of the organic matter in the coal \[[@pone.0124386.ref016]--[@pone.0124386.ref018]\].

![Methane volume concentration changes in a methanogenic consortium cultured with nutrition solution \#1 at 39°C and pH 6.40.\
The contents of the solution were (in g/L) NaHCO~3~, 0.20; NH~4~Cl, 1.00; NaH~2~PO~4~, 1.30; KCl, 0.50; MgSO~4~•7H~2~O, 0.20; CaCl~2~•5H~2~O, 0.10; yeast extract, 0.50; resazurin, 0.10.](pone.0124386.g004){#pone.0124386.g004}

Carbon dioxide is an important intermediate in the coal fermentation process and the main carbon source of methanogens. Thus, it is important to monitor the concentration of carbon dioxide in mixed gas as it affects the stability of methanogenic consortia. Initially, the carbon dioxide concentration increased more rapidly than the methane concentration under the conditions described above ([Fig 5](#pone.0124386.g005){ref-type="fig"}). This phenomenon indicates a higher reproductive rate for the hydrolytic bacteria compared to the methanogenic bacteria. The metabolic activity of the methanogens quickly consumed the available carbon dioxide. For this reason, the carbon dioxide production rate limited the growth and metabolism of the methanogenic bacteria and therefore limited the production of methane. Thus, the microbial balance between the methanogenic and hydrolytic bacteria consortia needs to be optimized to efficiently produce the desired methane. The different growth rates and balance between the two systems are thus important factors that require close monitoring.

![Methane and carbon dioxide concentration changes in a methanogenic consortia cultured with nutrition solution \#1 at 39°C and pH 6.40.](pone.0124386.g005){#pone.0124386.g005}

Methane yield for a methanogenic consortium with nutrition solution \#2 {#sec010}
-----------------------------------------------------------------------

Nutrition solution \#1 has been widely used in anaerobic bacterial culture. Nutrition solution \#2 contained 2.8% of the DOL emulsion by volume. The DOL emulsion is a mixed liquid that helps maintain equipment lubrication during mining. The effects of the DOL emulsion on the activity of the methanogenic consortia were examined in this experiment.

During the first six days, the methane yield remained at a low level. On the fifth culture day, nutrition medium \#2 was used to replace nutrition medium \#1. After this, the methane yield increased to a high level. The highest rate of methane production in this process was 40.32 mL/g·day. The high rate persisted for approximately 11 hours. This result indicates that nutrition solution \#2 provided a better methane yield than nutrition solution \#1 under the same environmental conditions.

In both experiments, an initial cultivation period was required before any significant methane production was observed. The first experiment required approximately 7 days, and the second experiment required approximately 6 days, i.e., methane production began 1 day earlier. For both experiments, the methane yield rates were not stable. A volatility factor was present during the methane production period. However, during the second experiment, no carbon dioxide was detected in the produced gas. This result indicates that the coalbed microbial community in solution \#2 was more balanced than the community in solution \#1 ([Fig 6](#pone.0124386.g006){ref-type="fig"}).

![Methane concentration changes for a methanogenic consortia cultured with nutrition solution \#2 at 39°C and pH 8.21.\
The contents of the solution were (in g/L) NaHCO~3~, 0.20; NH~4~Cl, 1.00; NaH~2~PO~4~, 1.30; KCl, 0.50; MgSO~4~•7H~2~O, 0.20; CaCl~2~•5H~2~O, 0.10; C~17~H~35~COONa, 1.30; R~1~SO~2~OR~2~, 0.80; yeast extract, 0.50; resazurin, 0.10.](pone.0124386.g006){#pone.0124386.g006}

The DOL emulsion was unstable in the coal cleat system. A few compounds precipitated and were adsorbed at the coal surface ([Fig 7](#pone.0124386.g007){ref-type="fig"}). This precipitation formed an improved anaerobic environment for the methanogenic consortia and improved the dissolution of organic compounds in the liquid. As observed by microscopy, the consortium bacteria showed increased growth in nutrition solution \#2, implying that the DOL emulsion helped maintain a balance in the growth of the methanogenic consortia.

![DOL emulsion oil adsorption on the coal surface under fluorescence microscopy at 400x magnification.](pone.0124386.g007){#pone.0124386.g007}

pH changes with methane yield {#sec011}
-----------------------------

pH is an important factor influencing the environmental conditions and metabolism of the methanogenic consortium. A lower pH can help achieve a higher methane yield rate more rapidly. Hydrogen ions are generated during the bacterial metabolic processes of hydrolytic and fermentative bacteria. A higher concentration of hydrogen ions may provide a more suitable and favorable culture environment. The pH experiment showed that the community had the ability and tendency to alter the culture environment (Figs [8](#pone.0124386.g008){ref-type="fig"} and [9](#pone.0124386.g009){ref-type="fig"}). In both the \#1 and \#2 culture experiments, the pH decreased when the methane yield rate increased. In the \#2 experiment, this phenomenon was more pronounced. Over 23 days, the pH dropped from 8.21 to 7.40.

![pH changes during the methane yield process in nutrition solution \#1.\
The pH decreased with increasing methane yield rate.](pone.0124386.g008){#pone.0124386.g008}

![pH changes during the methane yield process in nutrition solution \#2.\
The pH decreased with increasing methane yield rate.](pone.0124386.g009){#pone.0124386.g009}

In these experiments, all solutions and equipment were autoclaved except for the formation water and coal samples. Microscopy tests for six formation water samples showed that no living microbial organisms were present. The only sources for the microbial community were the coal samples.

Discussion and Conclusions {#sec012}
==========================

This research examined the efficacy of DOL emulsion nutrition for improving methanogenic consortia biomethane production. The yields of methane and carbon dioxide were monitored in real time. The effects of pH on methanogenic consortia were also examined. Studies on the influence of DOL emulsions showed that the methane yield is variable and dependent on the stability of the methanogenic consortia. The results of this study revealed the following: (1) The DOL emulsion improved the biomethane yield compared with the control experiment. The highest methane production rate achieved was 40.32 mL/g•day^-1^. (2) Real-time monitoring of the methane yield indicated that the coalbed methanogenic microbial fermentation process was not stable but could be continuously maintained when the microbial cultures were kept in balance. (3) Carbon dioxide was an important intermediate in the coal fermentation process and the main carbon source of methanogens. It is important to measure the concentration of carbon dioxide in mixed gas as it affects the stability of methanogenic consortia. The carbon dioxide concentration could be kept low when the methanogenic and hydrolytic bacteria consortia were in a balanced condition. (4) Methanogenic consortia have the ability and tendency to alter the culture environment. pH 6.10 was the optimum pH in this experiment. These experiments were simple but very important for the feature research of MECoM. In some cases, methanogenic bacteria are inhibited because of nutritional deficiency. The modification of the coalbed microbial environment is an important method for maintaining the microbial consortia in a good condition. Controlling the available nutrients is necessary for improving the effective carbon source availability and decreasing the carbon dioxide concentration in mixed gas. DOL emulsion nutrition is an effective method for improving the nutritional capacity of coal. To fully understand the effect of DOL emulsions in enhancing the methane yield of methanogenic consortia, further study is required. There are three mechanisms that could be responsible for the effects of DOL. (1) DOL could adsorb at the coal surface ([Fig 7](#pone.0124386.g007){ref-type="fig"}). This would assist anaerobic fermentation in the cleat system in coal. (2) DOL could improve the dissolution of the organic compounds of coal, and it could improve the nutrition availability of coal for microbials. (3) Some DOL compounds might provide nutrients for certain bacteria and improve the microbial balance between methanogenic and hydrolytic bacterial consortia. Determining which of these mechanisms is ultimately responsible requires more research.

Real-time monitoring was used in this study. The experimental data revealed that the methane biosynthesis rate and carbon dioxide yield rate need further study. Methane biosynthesis was not a stable process. The data demonstrated that coalbed methanogenic bacterial cooperation may have a periodic nature. Exploring the mechanism of this periodicity could improve research into coalbed methanogenic consortia ecology. Carbon dioxide is an important factor that governs microbial group balance. Further study on this correlation is needed.
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